Background. Experimental CCR5 antagonism with maraviroc in atherosclerosis-prone mice and preliminary data in humans suggest an anti-atherosclerotic effect of the drug. We assessed the impact of maraviroc treatment in persons living with HIV on subclinical indicators of atherosclerosis.
Atherosclerosis is an inflammatory disease in which immune mechanisms interact with metabolic risk factors to initiate, propagate, and activate lesion formation and progression [1] . In people living with HIV (PLWH), a residual chronic immune-inflammatory derangement typically persists despite complete viral suppression with ART [2, 3] . In addition, exposure to traditional cardiovascular (CV) risk factors does not completely explain the increased CV risk [4, 5] , suggesting that additional conditions, such as chronic inflammation and immune activation, might play roles in promoting CV diseases (CVD) in such patients [6] . Indeed, markers of inflammation, such as high-sensitivity C-reactive protein (hsCRP) and interleukin-6 (IL-6), can predict coronary events, stroke, and CVD mortality in individuals with or without HIV infection [7, 8] .
The chemokine (C-C motif) ligand 5 (CCL5)/C-C chemokine receptor type 5 (CCR5) axis plays a pivotal role in the development and progression of atherosclerotic inflammatory disease [9] . Specifically, CCR5, a G-protein-coupled receptor of the CCL3/MIP-1α, CCL4/MIP-1β, and CCL5/Regulated on Activation Normal T Cell Expressed and Secreted (RANTES) chemokines regulates the migration of monocytes, natural killer cells, and T helper-1 (Th1) cells into inflammation sites, including atherosclerotic plaques, thus promoting atherosclerosis progression [10] . CCR5 is also the co-receptor for macrophage tropic (R5) HIV-1 [11] and is the target of the CCR5 antagonist maraviroc (MVC), which is used for treating HIV infection [12] . A polymorphism in CCR5, a 32-nucleotide deletion known as CCR5 Δ32, has been observed in subjects who remain uninfected despite extensive exposure to HIV-1 [13] and has also been associated with reduced risk for severe coronary artery disease (CAD) [14] and myocardial infarction in different clinical settings [15] . The CCR5 ligand CCL5 has been detected in atherosclerotic plaques and is mostly increased in late-stage atherosclerotic lesions [16] , where it correlates to an unstable phenotype [17] . Moreover, CCL5 is released by activated degranulating platelets and can trigger shear-resistant monocyte arrest on the inflamed endothelium, therein favoring the early stages of atherosclerosis and its progression [18] .
We have previously reported that MVC was able to reduce atherosclerotic progression in 2 different murine models by interfering with the recruitment of inflammatory cells. Moreover, in a ritonavir-treated experimental model, MVC modulated both the inflammatory plaque profile and systemic inflammation [19] .
In light of such findings and considering that the safety profile of MVC has been deemed similar to placebo in trials on PLWH, we undertook a pilot study to evaluate the anti-atherosclerotic effectiveness of MVC intensification in suppressed patients at high CVD risk. Early atherosclerosis was investigated by measuring brachial flow-mediated dilation (bFMD), carotid-femoral pulse wave velocity (cfPWV), and carotid intima-media thickness (cIMT); in addition, markers of vascular competence, soluble markers of systemic inflammation, monocyte and platelet activation, and microbial translocation were measured as putative mediators of the anti-atherosclerotic effect of MVC.
METHODS

Patients
Patients were consecutively recruited at the Infectious Disease Clinic of Santa Maria della Misericordia Teaching Hospital, Department of Medicine, University of Perugia, from January 15, 2016, to July 15, 2017. Inclusion criteria were age ≥50 years, on treatment over the past 12 months with an effective protease inhibitor ART regimen (HIV RNA < 50 copies/mL), CD4 T-cell counts >300/ mm 3 over the past 6 months, a Framingham risk score >20%, and a bFMD <4%. Exclusion criteria included age >70 years, life expectancy <12 months, previously recorded platelet functional defects, or any history of chronic alcohol abuse. The study was approved by the Umbria Region Ethics Committee (CEAS registry No. 2166/14; Clinical Trial Registration, NCT 03402815). All patients provided written informed consent.
Study Design
We performed a 48-week randomized (1:1) crossover study. After giving their informed consent, all patients with the above-mentioned characteristics were randomly allocated with an AB/BA crossover design to either maraviroc 300 mg/d plus ongoing ART for 24 weeks (A) or ongoing ART alone for 24 weeks (B) (Figure 1 ). At the end of the first 24-week period, all patients were switched to the alternative arm. A washout period was not performed because of the short half-life of MVC relative to the length of the MVC intervention. At time 0 and every 12 weeks, a clinical check-up was performed for all patients, whereas noninvasive examinations of the studied markers for preclinical atherosclerosis were carried out every 24 weeks. The primary outcome with respect to treatment effect was the change in bFMD after 24 weeks. Secondary outcomes with respect to treatment were cIMT and cfPWV. Additional analyses were performed for endothelial progenitor cells (EPCs), endothelial microparticles (EMPs), soluble markers of systemic inflammation, monocyte and platelet activation, and microbial translocation.
Treating physicians and nurses were not blinded to either study week or treatment assignment, whereas bFMD, cIMT, and cfPWV operators were blinded to study week and treatment assignment.
At the end of the study (48th week), after a preliminary evaluation of any observed efficacy, MVC was again added to only arm A. At the 72nd week, an evaluation of only bFMD was carried out on both arms.
Clinical and Demographic Characteristics
All data are detailed in the Supplementary Data.
Blood Sampling and Laboratory Assays
Plasma HIV-RNA, CD4+ and CD8+ T cells, hsCRP, D-Dimer, IL-6, sDC14, sCD163, MCP-1, sVCAM, LBP, EPCs, EMPs, angiogenic T cells (Tangs), platelet microparticles (PMPs), and platelet-leukocyte complexes were evaluated in peripheral blood.
Details of blood samples and laboratory assays are provided in the Supplementary Data.
Noninvasive Markers of Preclinical Atherosclerosis
Brachial FMD on the nondominant arm cfPWV and cIMT was evaluated as previously described [20] [21] [22] .
Details on bFMD, cfPWV, and cIMT measurement are provided in the Supplementary Data.
Statistical Analysis
We planned a 2-arm crossover study, with restricted randomization (random permuted blocks and phone central randomization), with brachial FMD (primary outcome measure) as a continuous response variable. Random allocation sequence, enrollment of participants, and assignment of treatment were done by different study personnel.
Sample size was estimated assuming a baseline SD for bFMD of 2% and a post-treatment bFMD increase of 2%. A minimum sample size of 18 participants was required to detect statistically significant differences in bFMD with a power of 80% and an α error of 5%. With a withdrawal/nonevaluable subject rate of 10%, a total of 20 subjects needed to be recruited.
We used the SPSS statistical package, release 17.0 (SPSS Inc, Chicago, IL), for all statistical analyses, with data analyzed anonymously and according to the originally assigned groups. Values are expressed as the mean and SD or the median and interquartile range, as appropriate. Base 10 logarithmic (log) transformation was performed for skewed variables, and log-values were used. An independent-sample t test and the Mann-Whitney U test were used to compare changes in the variables between the treatment orders (AB vs BA). Carryover was assessed by comparing the sum of the variable responses (response/1 + response/2) between the treatment orders (AB vs BA). Correlation analyses were performed using the Pearson's and Spearman's coefficients of correlation.
RESULTS
Patient Population
A total of 48 patients with Framingham risk scores ≥ 20% were screened for bFMD, and 22 underwent randomization. One patient withdrew his consent before MVC intensification and was excluded from the study. Patient demographic and clinical characteristics at baseline are reported in Table 1 . At enrollment, patients had a long history of HIV infection (mean, 18 years), a mean CD4 T-cell nadir of 149/mm 3 , a median length of undetectable viral load of 5 years, a good control of HIV replication (with 90% of patients having <20 copies/mL), and a good immunological status (76% of patients had >500 CD4 T cell/mm 3 , a mean CD4/CD8 ratio of 0.847). Twelve patients were taking boosted darunavir, 8 boosted atazanavir, and 1 boosted lopinavir. Three patients were taking abacavir too. Sixtytwo percent were current smokers, 33% had a history of diabetes, and 43% were hypertensive (33% on antihypertensive therapy). Patients had, on average, borderline-high fasting glucose and triglyceride levels. Total and low-density lipoprotein cholesterol and creatinine clearance levels were in range.
Overall, baseline functional and structural vascular parameters, vascular competence markers, inflammation, platelet and monocyte activation indices, and microbial translocation parameters are reported in Table 2 .
Effect of Maraviroc on Outcome Measures
Clinical and biochemical parameters before and after 24 weeks in both the treatment and control groups are reported Crossover study. The diagram shows screening eligibility, randomization, treatment interventions, and specific laboratory assay evaluations. Abbreviations: bFMD, brachial flow-mediated dilation; cfPWV, carotid-femoral pulse wave velocity; cIMT, carotid intima-media thickness.
in Supplementary Table 1 . No changes were observed in body mass index, current smoking habits, glucose, cholesterol, or triglyceride levels or in renal function within and between groups.
Noninvasive Markers of Preclinical Atherosclerosis
The treatment effect of MVC treatment weighted for control treatment is reported in . A 1.0 m/s reduction in cfPWV was observed (P = .022). A significant reduction in cIMT max of about 13% was observed in the between-group evaluation (-90 µm; P = .038). The carryover effects were not significant (P > .1) for the above investigated markers. Extending the evaluation of FMD, we observed a consistent bFMD improvement for arm A, which had resumed the drug therapy from weeks 48 to 72, whereas a worsening was observed for arm B, which had discontinued it at the 48th week (Supplementary Figure 1) .
Markers of Inflammation, Microbial Translocation, Endothelial Homeostasis, and Platelet and Monocyte Activation
A significant decrease in the EMP/EPC ratio was observed (-0.22, P < .001). No modifications in Tang counts were seen. Also, significant reductions in platelet/leukocytes aggregates (-3.2%, P < .001) were observed. No significant changes, either for the maraviroc group or the cumulative analysis, were observed for the other investigated inflammatory markers and immune activation parameters.
DISCUSSION
We had previously reported that MVC reduced the atherosclerosis burden by modulating the inflammatory plaque recruitment in 2 ApoE knockout mice models with either early ritonavir-induced atherogenesis or late spontaneous atherosclerotic progression. Moreover, MVC reversed ritonavir-induced systemic inflammation in the former but not in the latter model [19] . In light of these results, a comprehensive evaluation of any potential anti-atherosclerotic effect associated with MVC in patients at high CV risk was warranted.
In this study, we observed significant improvements for all the surrogate noninvasive markers of early atherosclerosis in the maraviroc-treated patients, without any reductions of plasma cholesterol levels or any modifications for markers of systemic inflammation and immune activation.
Virally suppressed PLWH at high CV risk (Framingham risk score ≥ 20%) with evidence of impaired bFMD at baseline and taking only protease inhibitor-boosted regimens, thus allowing once-daily maraviroc administration, were enrolled. Indeed, maraviroc was not administered to control viral replication but to evaluate anti-atherosclerotic effectiveness. Moreover, in real life, once-daily MVC with boosted protease inhibitors (PIs) has been often administered, although the approved dosage was 150 mg twice daily in people taking PIs. Sixty-three percent of these were current smokers, and 43% and 33% had a history of hypertension and diabetes, respectively. Moreover, 47.6% had plasma hsCRP levels ≥2 mg/L, and 61.9% had an IL-6 >3.01 pg/mL; the latter was associated with a CV risk over 12% at 48 months according to the SMART study results [8] . In our study population, we investigated for any impact from MVC use on several markers of early atherosclerosis (ie, endothelial dysfunction, aortic stiffness, cIMT). Additionally, markers of systemic inflammation (hsCRP, IL-6, MCP-1, LBP, sCD163, and sCD14), endothelial homeostasis (circulating EMPs, EPCs, and VCAM levels), platelet reactivity (PMPs and platelet-leukocyte aggregates), and microbial translocation were also investigated.
We found that adding MVC to the ART regimens of patients with viral suppression improved bFMD, cfPWV, and cIMT by 66%, 11%, and 13%, respectively. Moreover, the EMP/EPC ratio, which is considered a marker of vascular competence [22, 23] , and platelet/leucocyte aggregates were significantly reduced.
Throughout the study, neither changes in lifestyle, in particular, current smoking, nor reductions in lipid levels were observed. After MVC intensification, hsCRP, IL-6, d-Dimer, sCD14, sCD163, and MCP-1 did not change, whereas microbial translocation was blunted without reaching statistical significance.
To date, evidence regarding the impact of MVC intensification on surrogate markers of atherosclerosis has been limited [24, 25] . Krikke et al. [24] have reported a mild improvement in endothelial function following MVC intensification in patients with HIV on abacavir. This improvement persisted after MVC discontinuation. However, the duration of this crossover study (16 weeks) was shorter than ours. Piconi et al. [25] have reported that MVC improved cfPWV, cIMT, IL-6, microbial translocation, and VCAM levels in 6 PLWH with a Framingham risk score of 10%-20%. However, the small sample size and the retrospective enrollment of control subjects might have biased the results. Conversely, a preliminary report by Hsue et al. did not provide evidence of a clinically relevant effect of MVC intensification on bFMD in persons living with HIV on treatment [26] ; however, the characteristics of the recruited population were not fully described [26] .
From a pathophysiological perspective, the beneficial effects of 24-week MVC intensification that we observed on bFMD, cfPWV, and cIMT are supported by several lines of evidence.
First, brachial FMD is a reliable indicator of endothelial function and a significant predictor of CV risk [27] . Endothelial fragmentation into microparticles and a reduced number of circulating EPCs have both been associated with impaired bFMD and increased CV risk [28] [29] [30] . Hence, the observed improvement of bFMD following MVC intensification was related to its positive impact on the balance between endothelial injury and repair. Given that nitric oxide (NO) is involved in the regulation of endothelial function and has been associated with both reduced endothelial cell injury and higher circulating EPC counts [23, 30] , it is plausible that increased NO bioavailability could have mediated our observed MVC-induced improvements in endothelial function and overall vascular structural integrity.
Second, cfPWV has been reported to be influenced by NO bioavailability [31] and by endothelial function as well. Despite elastic fiber degeneration and a reduced elastin/collagen ratio being key factors in inducing arterial stiffening [32] , endothelial dysfunction and reduced NO bioavailability may promote arterial stiffening by modulation of vascular smooth muscle cell relaxation and arterial tone [31, 33] . As elastic fiber degeneration and the elastin/collagen ratio are rather difficult to revert [32] , the rapid improvement observed in our study in cfPWV is more likely attributable to an endothelium-dependent NO-mediated effect of MVC on vascular tone.
Third, several studies have reported a time-dependent cIMT progression in persons living with HIV [34] similar to what we observed in our control subjects; a 20-µm progression of cIMT was seen over a 24-week period. Notably, in our study, cIMT was reduced by 60 µm with MVC intensification. This result is in agreement with a study exploring the effect of CCR5 inhibition by MVC in persons with HIV/HCV coinfection [35] .
In that study, a 48-week intensification with maraviroc was associated with a reduction in atherosclerotic plaque progression. Improvements in endothelial function and vascular competence might mediate the beneficial effects of maraviroc on cIMT, as both reduced bFMD and increased EMP/EPC ratio have been associated with early atherosclerosis in the carotid arteries [22, 36] . Several hypotheses may further explain the observed maraviroc-induced efficacy on major markers of early atherosclerosis. First, an endothelium-protective impact from CCR5 inhibition might be involved. This is suggested by a recent in vitro study reporting that MVC incubation with coronary artery endothelium resulted in inhibiting vasoconstriction and stimulation of intimal hyperplasia [37] . Moreover, CCR5 antagonism can downregulate inflammatory cell recruitment into vascular walls, leading to a further improvement in major markers of atherosclerosis. This local anti-inflammatory effect with MVC was also observed in our previous study, where we reported a 50% reduction in plaque monocyte/macrophage CCR5+ infiltration following MVC treatment in animal models [19] . Hence, we hypothesize that there is a bidirectional causative association between endothelial injury and arterial wall inflammation [38] ; if so, MVC treatment might play a key role in interfering with this pro-atherogenic loop.
Strengths of our study include (1) its homogeneous population of persons living with HIV and near-complete ARTinduced viral suppression; (2) its design, which measured several recognized major early indicators for atherosclerotic risk and putative biochemical and cellular mediators within the atherosclerotic process; (3) its observation period of up to 72 weeks; and (4) the widely documented safety of MVC in HIVinfected patients.
We recognize several limitations. First, the sample size was small, although sufficiently powered to reach statistical significance, qualifying this as a pilot, hypothesis-generating study. Second, our crossover design did not include a washout period. This decision was made based on the following: MVC's half-life is about 16 hours, and the study treatment period lasted 24 weeks. Of note, a carryover effect was evaluated and found not to be significant. Third, we did not perform a direct evaluation of vascular wall inflammation or a direct measure of NO bioavailability, thus limiting our ability to fully interpret the results. Fourth, we did not evaluate any markers of oxidative stress, which may have contributed to the observed anti-atherosclerotic effects of MVC. Fifth, we did not investigate endothelial progenitor cell homing. In fact, the observed trend toward an increased EPC count following MVC intensification does not necessarily imply active participation of these cells in endothelial repair. It has been reported that CCR5 expressed by EPCs facilitates EPC recruitment and exerts anti-atherosclerotic effects in ApoE-/-mice [39] . Hence, maraviroc-induced CCR5 inhibition might contribute to an increased circulating availability of EPCs due to reduced vascular homing. Finally, only PI-treated individuals were included in our study; thus these results cannot be generalized to PLWH treated with non-PI-containing regimens.
In conclusion, in this pilot study of persons living with HIV, treated with PIs, and having complete viral suppression, but at a high risk of CVD, MVC intensification was associated with significant and consistent improvements in several major indicators of increased CV risk, namely EMP/EPC ratio, endothelial dysfunction, arterial stiffness, and cIMT.
The nondocumented interference of MVC in systemic inflammation and its widely documented tolerability may support its use as an off-label anti-atherosclerotic therapy, as drugs targeting systemic inflammation can be burdened by higher incidence of serious fatal infections [40] . Further investigations with MVC are warranted in larger samples of patients treated also with other antiretroviral drugs or even individuals without HIV infection but at high risk of cardiovascular diseases.
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